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Verticillium wilt of alfalfa, caused by the soilborne fungus Verticillium alboatrum Reinke & Berthold, is a serious disease found in North America, primarily in alfalfa-producing areas of the northern United States and Canada (2, 11, 13, 15, 17) . Initial symptoms of the disease include Vshaped chlorosis of leaf tips, leaf desiccation, and leaf abscission (28) . As disease progresses, infected plants wilt and die. Forage yields in alfalfa fields infested with V. albo-atrum may be reduced by 50% (42) . The primary means of dissemination of the pathogen is through infested alfalfa seed (5) . Methods for controlling Verticillium wilt of alfalfa include eradication of broadleaf weed hosts, crop rotation for several years with nonhosts, and proper sanitation of equipment (28) . However, because several other dispersal mechanism exist, including insects (19, (22) (23) (24) , manure (20) , wind (26) , and water (6), the abovementioned control strategies have limited efficacy. Although modifying management practices, such as replacing late fall harvests in infected stands with grazing, can reduce disease development (16) , the preferable method of control is the use of resistant cultivars (28, 36) . Several studies have indicated that resistance to Verticillium wilt increases both alfalfa yield (21, 34, 45) and crop profitability (42) when disease is present. Cultivars are considered to be highly resistant (HR) to Verticillium wilt when ≥50% resistant plants are identified when evaluated using a standardized test protocol established by the North American Alfalfa Improvement Conference Committee on Standardized Tests (14) .
Resistance to Verticillium wilt is especially important for alfalfa cultivation in the western United States. The disease first was discovered in North America in the Yakima Valley of central Washington (13) . In the western United States, the highest yielding stands of alfalfa typically are grown using supplemental irrigation, which has been shown to exacerbate the development of disease (12) . In addition, most alfalfa seed in the United States is produced in the western states of Washington, Idaho, and California. The ability of seed producers to export their product to other nations is extremely compromised by the presence of Verticillium wilt in alfalfa seed production fields. For example, because of Verticillium wilt, Australia currently prohibits the importation of all U.S. alfalfa seed, except for that produced in seven counties in California (25) .
Various mechanisms have been implicated in the expression of resistance in alfalfa. Rubisco (ribulose-1,5 bisphosphate carboxylase/oxygenase) activity, stomatal conductance, and net photosynthesis were reduced significantly in susceptible plants, whereas resistant plants demonstrated increased Rubisco activity and a decreased regeneration rate of the sugar substrate ribulose-1,5-bisphosphate (RuBP) (37, 38) . These observations suggest that optimization of carbon assimilation may be a mechanism of resistance. The formation of structures that inhibit proliferation of the pathogen, such as the coating of xylem vessels with suberin, also may contribute to resistance (31, 39) .
Because alfalfa cultivars typically are synthetic populations resulting from multiple cycles of random mating among selected clones (3), plant breeders have been interested in the combining ability of potential parental clones. Combining ability implies the capacity of a parent to produce superior progenies when combined with another parent (18) . General combining ability (GCA) is the average value of a parent (line) estimated on the basis of its performance when crossed with several parents (lines). Specific combining ability (SCA) is the behavior of a parent when crossed with a single parent. GCA effects significantly influenced the expression of resistance to Verticillium wilt in alfalfa (10, 29, 35, 44) , indicating that most of the genetic variation for resistance is additive. However, the relative contributions of SCA effects have been found to vary between different resistant cultivars (29, 44) . Viands (44) observed that the ratio of GCA:SCA effects was 7:1 for a population derived from cv. Vertus, whereas a GCA:SCA ratio of 1.7:1 was observed for another population derived from cv. Maris Kabul. Based on these ratios and an analysis of the distributions of resistance in S 1 and F 1 progenies, Viands (44) suggested that resistance to Verticillium wilt was conditioned by different genes in the two cultivars.
Whereas combining ability estimates is used to determine the breeding value of individual parents, heritability estimates can be used to estimate the relative importance of genetic and environmental variance components on trait expression in a given population. Narrow sense heritability (h 2 ) is defined as the ratio of additive genetic variance (V A ) to the total phenotypic variance (V P ) (8) . These estimates can be used to determine the correspondence between phenotypic values and breeding values for traits of interest. A narrow-sense heritability estimate of 0.49 ± 0.16 has been calculated for resistance to Verticillium wilt in an alfalfa population derived from cvs. Vertus and Saranac (30) . The value of the heritability estimate is dependent on both genetic and phenotypic variance components; therefore, any changes in gene frequencies or environ-mental conditions will result in different estimates of heritability. Accordingly, the heritability estimate of a trait for a population is considered to be specific for only that population examined under a given set of environmental conditions (8) . The objective of this study was to calculate the heritability of resistance in alfalfa to Verticillium wilt using populations derived from two different HR cultivars considered to be adapted for growth throughout the northern United States.
MATERIALS AND METHODS
Plant materials. Two alfalfa populations were used in this study. In all, 32 half-sib families from Depend + EV and 31 from Affinity + Z were produced in 1999 in isolation seed cages at Prosser, WA, from randomly selected clones of each of the alfalfa cultivars. Both Depend + EV and Affinity + Z have been rated as HR to Verticillium wilt (1) .
Inoculations The standard test protocol for evaluating resistance in alfalfa to Verticillium wilt (14) was used. For each half-sib family, seed was scarified and four rows of approximately 20 seed/row were planted in a single 25-by-50-cm flat containing vermiculite. Plants were fertilized weekly with a commercial nutrient solution (Miracle Grow, Marysville, OH), and thinned to eight plants/row 4 weeks after sowing. For each experiment, individual flats also were sown at the same time with seed of the three standard checks for resistance to Verticillium wilt, the susceptible (S) cv. Saranac, the resistant (R) cv. Vertus, and the HR cv. Oneida VR (14) . Plants were maintained in the greenhouse at 20 to 24ºC with a 14-h photoperiod, watered as needed to avoid drought stress, and fertilized every other week.
Six weeks after sowing, plants were inoculated with a conidial suspension of V. albo-atrum. Three isolates of the pathogen (Nyvall, N29, and W34), all isolated from infected alfalfa plants, were provided by Dr. Mark Smith, Pioneer Hi-Bred International, and used for inoculations. The isolates were maintained on half-strength potato dextrose agar at room temperature. An agar plug of each isolate was placed in a separate flask containing 250 ml of Czapek's Dox broth (43) and the culture was grown at room temperature for 1 week with agitation. Each culture suspension was passed through two layers of cheesecloth. Conidial suspensions were quantified with a hemacytometer and adjusted to a concentration of 1 × 10 6 conidia/ml. An equal volume of conidial suspension of each isolate was aliquoted to make the inoculum.
Plants were removed from flats and washed free of excess vermiculite. The roots were clipped to approximately 8 cm in length, and the stems to a length of approximately 3 cm. Plants were immersed completely for 20 min in the inoculum, which was stirred on a stir plate, and then each plant immediately was transplanted into a 10-cm pot containing commercial potting soil (Sunshine Mix #1; Sun Gro Horticulture, Bellvue, WA). Pots were randomized in the greenhouse after inoculation.
Plants were evaluated for severity of foliar symptoms 5 weeks after inoculation. Plants were rated for disease severity index (DSI) using an integer scale of 1 to 5 as follows (14): 1 = none or minimal chlorosis of lower leaves; 2 = chlorosis of lower and middle leaves, but no chlorosis or necrosis of terminal leaves; 3 = welldeveloped symptoms of chlorotic, necrotic, and twisted terminal leaflets on at least one, but not all main stems; 4 = severe symptoms of chlorosis, necrosis, and twisting of all leaflets on all main stems; and 5 = dead plant. Plants with a DSI rating ≤2 were classified as being resistant (14) .
Estimation of heritability of resistance. Heritability on a half-sib progeny means basis (h 2 PFM ) was calculated for resistance to Verticillium wilt according to Knapp family-year effects mean square and M 1 = family mean square. Exact 90% confidence intervals were calculated to determine the precision of each heritability estimate on a progeny means basis. The lower 90% confidence limit (CL) was defined as 1 - (27) . The widths of the heritability estimates, which are considered to be indicators of the precision of the heritability estimates, were calculated using the following equation: (upper 90% CL -lower 90% CL)/h 2 PFM (41) . All statistical analyses were conducted using JMP software (version 5.0; SAS Institute, Cary, NC).
RESULTS
Analysis of disease severity reactions. Significant effects (P < 0.05) attributed to differences between half-sib families for DSI were observed for both populations in 2004 and 2005, and also for a combined analysis of data over both years (Table 1 ). Significant effects attributable to replications were observed for both populations in 2004, but these effects were not significant in 2005. For a combined analysis of data over both years, significant effects also were observed for years, family-year interactions, and replication-within-year interactions ( Table 1) . Experiments conducted in 2004 and 2005 included inoculated plants of three populations considered standard checks for evaluating resistance in alfalfa to Verticillium wilt (14) . The acceptable range of percent resistant plants allowed for Oneida VR, Vertus, and Saranac when employing the standardized test for evaluating alfalfa for resistance to Verticillium wilt are 55 to 65, 30 to 50, and 0 to 5%, respectively (14) . The percentages of resistant plants detected in 2004 exceeded the maximum percentages for all three check populations ( Table 2 ). In 2005, the percentages of plants classified as resistant for Oneida VR, Vertus, and Saranac were all within the acceptable ranges. Results based on inoculations of standard check populations indicate that disease expression was low in 2004, whereas optimal disease expression was observed in 2005.
Least square means analysis indicated that the mean DSI ratings for Affinity + Z were significantly higher in 2005 than in 2004 (F (1,6) = 60.75; P = 0.0002; Table 2 ). Mean DSI ratings for Depend + EV also were significantly higher in 2005 than in 2004 (F (1,6) = 17.98; P = 0.005; Table 2 (Table 3) , which is the confidence interval width divided by the heritability point estimate, can be considered an indicator of the precision of the estimate (41) . The widths based on a single year of data ranged from 8.7 to 18.6 ( Table  3) , indicating that a high degree of precision was associated with the heritability point estimates (41) .
Heritability estimates of resistance to Verticillium wilt calculated based on a combined analysis of data across both years were considerably lower for both populations and had larger 90% CL than estimates based on a single year of data ( Table 3 ). The reduced heritability point estimates coupled with wider CL resulted in heritability estimate widths that were much larger for estimates based on a combined analysis of data across both years.
DISCUSSION
Miller-Garvin and Viands (30) calculated a heritability estimate of 0.49 ± 0.16 for resistance to Verticillium wilt in alfalfa. Similar to the design reported here, Miller-Garvin and Viands (30) based their esti-mate on half-sib family means for a population inoculated with a mixture of isolates of V. albo-atrum, and rated plants for DSI using the 1-to-5 scale recommended for the standard test for evaluating resistance to Verticillium wilt (14) . However, the previously reported estimate was calculated for only a single population based on a single experiment. We have reported heritability estimates for two different populations, with each population being subjected to repeated experiments. The estimates of heritability reported in this study were based on populations derived from two cultivars, both of which had been selected previously for resistance to Verticillium wilt.
Half-sib families and check cultivars exhibited greater disease expression in 2005 than in 2004, suggesting that environmental factors may have been largely responsible for the significant year effect on DSI ratings and also for the significant replication effect observed in 2004 ( Table  1) . Development of Verticillium wilt in alfalfa involves a host of factors other than the fungus. Drought stress (14, 40) , nutrient deficiency (14) , and temperatures exceeding 24ºC (14) reduce disease incidence and severity. Conversely, higher levels of irrigation have been shown to enhance symptom development in alfalfa plants grown under both greenhouse (40) and field conditions (12) . The temperature range in the greenhouse in this study (20 to 24ºC) was controlled automatically, but water and fertilizer were applied manually. It is possible that the reduced disease severity in 2004 may have been, in part, the result of (14) (14) . In the same report, out of seven cultivars considered to have an R resistance rating, two were classified as R, whereas the other five were classified as moderately resistant (MR). Among three cultivars considered to be MR, two were classified as having low resistance (LR), and a single cultivar considered to be LR was classified as being S. Both Busch et al. (4) and Viands et al. (45) observed less variation among tests for mean DSI than for percentage of resistance plants, and concluded that mean DSI more reliably expressed levels of cultivar resistance to Verticillium wilt than percentage of resistant plants. Comparisons of mean DSI ratings between the standard check cultivars and Affinity + Z and Depend + EV suggest that the performance of the two cultivars was more similar to the check Vertus (R) than to the check Oneida VR (HR).
Heritability estimates based on a single year of data were, in all cases, quite high (h 2 PFM ≥ 0.85; Table 3 ). Heritability estimates based on a single year of data should be considered to reflect maximum estimates of heritability (32, 33) because these estimates include nonadditive components of genetic variance among half-sib families, such as family-year and family-yearenvironment interaction variances (32) . In this study, family-year effects were significant for both Affinity + Z and Depend + EV (Table 1 ). Heritability estimates based on a single year of data were quite similar between Affinity + Z and Depend + EV, with the estimates having a range of 0.86 to 0.92 across both cultivars and both years ( Table 3 ). The similar heritability estimates across years and cultivars may reflect similar percentages of alfalfa germ plasm sources that contributed to the gene pools of the two cultivars (3). Flemish alfalfa germ plasm has been proposed to be the initial source of resistance to Verticillium wilt in cultivars developed in the United States (44) . Affinity + Z is estimated to be composed of 36% Flemish germ plasm, whereas Depend + EV is estimated to be composed of 33% Flemish germ plasm (7) .
Heritability estimates based on a combined analysis of data collected over 2 years were considerably lower for both populations than estimates based on a single year of data ( Table 3 ). The primary reason for the lower estimates is that, for both populations, significant family-year effects resulted in family-year mean square values that were considerably larger than the error mean square values used for calculating heritability estimates based on a single year of data ( Table 1 ). The heritability point estimate based on data collected over 2 years was considerably lower for Affinity + Z than for Depend + EV ( Table 3 ). The family-year mean square was larger for Affinity + Z than for Depend + EV, whereas the family mean square of Affinity + Z was smaller than that for Depend + EV (Table 1) , resulting in a lower heritability point estimate for Affinity + Z. This may be due to differences between the two populations in the frequencies of genes conditioning resistance, which will affect variance among families (33) . Depend + EV is a synthetic cultivar developed using 252 parental clones, whereas Affinity + Z is a synthetic cultivar composed of 91 parental clones (7) . The greater family mean square values observed for Depend + EV may reflect its having a broader genetic base of parental clones than Affinity + Z.
The primary utility of a heritability estimate in population improvement is that it helps to estimate response based on selection for a metric trait using the following formula: Response = ih 2 σ p , where i = intensity of selection, h 2 = heritability of the trait, and σ p = phenotypic standard deviation of the trait (9). Busch et al. (4) suggested that cultivars require at least 60% resistant plants to afford maximal field protection against V. albo-atrum. Results for 2005 presented in Table 2 suggest that neither Affinity + Z or Depend + EV have resistance levels this high. The heritability estimates presented here suggest that sufficient additive genetic variance is still available in Affinity + Z and Depend + EV for further improving levels of resistance to V. albo-atrum. Resistance levels might be more rapidly improved by increasing the intensity of selection by selecting only plants with the most elite phenotypes for use as parents for subsequent generations.
